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Abstract: Nowadays, power system inertia is changing as a consequence of replacing conventional units by renewable energy
sources, mainly wind and PV power plants. This fact affects significantly the grid frequency response under power imbalances.
As a result, new frequency control strategies for renewable plants are being developed to emulate the behaviour of conventional
power plants under such contingencies. These approaches are usually called ’virtual inertia emulation techniques’. In this paper,
an analysis of power system inertia estimation from frequency excursions is carried out by considering different inertia estimation
methodologies, discussing the applicability and coherence of these methodologies under the new supply-side circumstances. The
modelled power system involves conventional units and wind power plants, including wind frequency control strategies in line
with current mix generation scenarios. Results show that all methodologies considered provide an accurate result to estimate the
equivalent inertia based on rotational generation units directly connected to the grid. However, significant discrepancies are found
when frequency control strategies are included in wind power plants decoupled from the grid. In this way, authors consider that it
is necessary to define alternative inertia estimation methodologies by including virtual inertia emulation. Extensive discussion and
results are also provided in this study.
1 Introduction
Frequency of a power system deviates from its nominal value after a
severe power imbalance between generation and consumption [1].
Due to the increasing penetration of renewable energy sources
(RES), mainly wind and PV, electrical grids can suffer more fre-
quency stability challenges [2]. RES are intermittent and uncertain
because they depend on weather conditions [3]. This fact makes
them hard to integrate into power systems [4], as they pose stress on
their operation [5]: Transmission System Operators (TSOs) have to
deal with not only the uncontrollable demand but also uncontrollable
generation [6].
Moreover, renewable power plants are not connected to the
grid through synchronous machines, but through electronic con-
verters [7]. Thus, by increasing the amount of renewable sources
and replacing synchronous conventional units, the effective rota-
tional inertia of the system can be significantly reduced [8, 9]. The
rotational inertia is important to limit the rate of change of fre-
quency (ROCOF) right after a power imbalance [10]. Therefore,
power systems with lower equivalent inertia are initially more sensi-
tive to frequency deviations [11, 12]. As a result, frequency control
strategies have been developed to effectively integrate RES into the
grid [13]. Such methods are commonly referred to as synthetic,
artificial, emulated or virtual inertia [14].
The aim of this paper is to estimate and compare the equiva-
lent inertia constant of a power system with high RES integration
from the frequency deviations suffered after an imbalance. Sev-
eral methodologies have been proposed during the last decades in
the specific literature [15–21]. The power system considered in
this paper is in line with current grids, involving conventional and
wind power plants. Moreover, wind plants include frequency con-
trol according to a recent approach [22]. The rest of the paper is
organized as follows: the theoretical background of the problem is
covered in Section 2. Section 3 reviews and explains the different
strategies to estimate the inertia constant of a power system after
an imbalance. In Section 4, the power system and different scenar-
ios considered in this paper are detailed. Results are discussed in
Section 5. Conclusions are given in Section 6.
2 Theoretical background
2.1 Inertia constant H
From a traditional point of view, after a power imbalance, the kinetic
energy stored in the rotating masses of a generator is released
following expression (1) [23]:
Ekin =
1
2
J (2 · pi · fm)2 , (1)
where J is the moment of inertia and fm is the rated rotational fre-
quency of the machine. The inertia constant H of a generator is
defined as the ratio between the stored kinetic energy Ekin and its
rated power Sr [24]. H determines the time interval during which
an electrical generator can supply its rated power only by using the
kinetic energy stored in its rotating masses [25]:
H =
Ekin
Sr
=
J (2 · pi · fm)2
2 · Sr . (2)
Depending on the type of conventional units (i.e., steam, com-
bined cycle, hydroelectric, etc.), typical inertia constants are in the
range of 2–10 s, as indicated in Table 1.
2.2 Swing equation of a power system. Equivalent
rotational system inertia
Power systems include several synchronous generators. Thus, it is
possible to estimate the equivalent rotational system inertia (Heq)
by using [34]:
Heq =
CP∑
i=1
Hi · SB,i
SB
, (3)
Hi refers to the inertia constant of power plant i, SB,i is the rated
power of power plant i, SB is the rated power of the power system
and CP is the total number of conventional plants.
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Table 1 H according to generation type, rated power and reference
Type of power plant Rated power (MW) H (s) Ref. Year
Thermal (2 poles) Not indicated 2.5-6 [26] 1994
Thermal (4 poles) Not indicated 4-10 [26] 1994
Thermal 10 4 [27] 2007
Thermal 500-1500 2.3-2 [28] 2008
Thermal 1000 4-5 [29] 2011
Thermal Not indicated 4-5 [30] 2012
Thermal (steam) 130 4 [31] 2012
Thermal (steam) 60 3.3 [31] 2012
Thermal (combined cycle) 115 4.3 [31] 2012
Thermal (gas) 90-120 5 [31] 2012
Thermal (nuclear) 100-1400 4 [25] 2016
Thermal (fossil) 0-1000 5-3 [25] 2016
Hydroelectric Not indicated 2-4 [26] 1994
Hydroelectric n <200 rpm Not indicated 2-3 [32] 1994
Hydroelectric n >200 rpm Not indicated 2-4 [32] 1994
Hydroelectric 450<n<514 rpm 10-65 2-4.3 [28] 2008
Hydroelectric 200<n<400 rpm 10-75 2-4 [28] 2008
Hydroelectric 138<n<180 rpm 10-90 2-3.3 [28] 2008
Hydroelectric 80<n<120 rpm 10-85 1.75-3 [28] 2008
Hydroelectric Not indicated 4.75 [33] 2013
The swing equation of a power system is used to analyse transient
stability problems, as well as frequency control design and regula-
tion [35]. Moreover, it relates frequency excursions with the power
imbalance [36]:
d∆f
dt
=
1
2 Heq
(∆Pm −∆Pe) , (4)
where ∆f is the deviation of the grid frequency, Heq is the equiva-
lent inertia constant for the power system determined by (3), ∆Pm
is the mechanical power change supplied by generator and ∆Pe is
the electrical power demand variation.
Some electrical loads are frequency dependent (such as rotating
machines). Consequently, ∆Pe is expressed as [37]:
∆Pe = ∆PL +D ·∆f , (5)
being ∆PL the power change of frequency independent loads and
D the damping factor (load-frequency response constant). Com-
bining (4) and (5), the swing equation of a power system is
obtained [38].
d∆f
dt
=
1
2 Heq
(∆Pm −∆PL −D ∆f) . (6)
2.3 Future definition of inertia constant of a power system
By considering policies to promote the integration of renewables,
RES have replaced conventional power plants and, subsequently,
synchronous generators [39]. Among the different renewable sources
available, PV and wind (especially doubly fed induction generators,
DFIG [40]) are the two most promising resources for generating
electrical energy [41]. Both wind and PV power plants are con-
trolled by power converters according to the maximum power point
tracking (MPPT) control [42, 43]. This technique prevents both
sources to directly contribute to the inertia of the system [44–46],
which is considered as one of the main drawbacks to integrate large
amounts of RES into the grid [47]. In fact, modern wind turbines
have rotational inertia constants comparable to those of conventional
generators, provided by their blades, drive train and electrical gen-
erator. However, this inertia is hidden from the power system point
of view due to the converter [48]. Moreover, ROCOF depends on
the available inertia [49]. As a result, larger frequency deviations
are achieved after an imbalance between supply-side and demand
when RES replace conventional units without providing frequency
response [50].
Therefore, it is necessary that RES become an active agent in grid
frequency regulation [51]. Actually, several TSOs are requiring that
RES contribute to ancillary services as well [52], especially wind
power plants [53]. Toulabi et al. affirm that the participation of wind
turbines in frequency control is necessary [54]. Under these require-
ments, different solutions providing inertia and frequency control
from RES have been under study during the last decades. These
technologies are usually known as ‘virtual inertia techniques’ [55]
and are explained in [55–59].
If RES providing frequency response were considered, the equiv-
alent inertia of the power system would have two different com-
ponents: (i) synchronous rotational inertia due to conventional
generators HR,eq , calculated with eq. (3), and (ii) virtual inertia
corresponding to RES, HV,eq , as indicated in eq. (7) [60, 61]. In
this way, HV,j refers to the emulated inertia constant of power plant
j, SB,j is the rated power of power plant j and V G is the total
number of virtual generators included in the power system under
consideration. The rest of the parameters are the same as (3).
Heq =
HR,eq︷ ︸︸ ︷
CP∑
i=1
Hi · SB,i +
HV,eq︷ ︸︸ ︷
V G∑
j=1
HV,j · SB,j
SB
(7)
However, the values of HV,j are not normally known and can be
time dependent. Thus, it is difficult to apply eq. (7).
3 Inertia estimation strategies. Methodology
Different inertia estimation strategies have been proposed during
the last decades [15–21]. Damping factor is neglected in most
approaches as its effects are small on the firsts moments of the
imbalance ∆P .
Inoue et al. propose a procedure for estimating the inertia con-
stant of a power system using transients of the frequency measured
at an imbalance [15]. At the onset of an imbalance (t = 0+), the fre-
quency deviation is ∆f = 0. Assuming that the imbalance ∆P =
∆Pm −∆PL is known, and by estimating the ROCOF (df/dt) at
t = 0+, the inertia constant can be calculated with
Heq =
−∆P
2 d(∆f/f0)
dt
∣∣∣∣
t=0+
. (8)
To calculate the ROCOF, a 5th degree polynomial approximation of
∆f/f0 with respect to time is fitted. The time interval is about 15 to
20 s after the imbalance
∆f/f0 = A5 · t5 +A4 · t4 +A3 · t3 +A2 · t2 +A1 · t , (9)
where t is the time. By estimating the coefficients A1 to A5, the
equivalent inertia constant Heq is obtained by using eq. (11), as A1
is approximately equal to the ROCOF at t+0
A1 = f
′(t = 0+) ≈ ∆f/f0
dt
∣∣∣∣
t=0
(10)
Heq =
−∆P
2 ·A1 . (11)
Chassin et al [16] frequency and power values from the West-
ern Electricity Coordination Council were collected. In this case,
ROCOF is estimated by removing noise from the frequency data
recorded and applying the first derivative. The equation to estimate
Heq is as below
Heq =
−∆P
2
df
dt
. (12)
Wall et al. present a robust estimation method for the inertia avail-
able in the system [17, 18]. It uses as input data the active power P
2
Fig. 1: Sample of windows. In this case, A = 5 and W = 2
and the derivative of frequency df(t)/dt, measured from a single
location. The proposed algorithm consists of a set of four filters (two
for the total active power –P1 and P2– and two for the ROCOF –R1
and R2–) applied as sliding windows, see Figure 1. Windows have a
width of A data points and they are separated by a width W .
Heq is estimated by the following expression:
Heq =
1
2
P1 − P2
R2 −R1 , (13)
where P1, P2, R1 and R2 are calculated with (14):
P1(tn) =
1
A
tc∑
t=t1
P (t) ,
P2(tn) =
1
A
tn∑
t=t2
P (t) ,
R1(tn) =
1
A
tc∑
t=t1
df(t)
dt
,
R2(tn) =
1
A
tn∑
t=t2
df(t)
dt
.
(14)
The result of applying eq. (13) is only Heq during the time in which
the power imbalance has occurred (tdist) [18].
Zografos and Ghandhari [19] consider an aggregated load model
to represent the behaviour of the average system load. The load
power change is expressed by
∆PL(t) = Pprod · (Vs(t)− 1) (15)
where Pprod is the total power production before the disturbance
and Vs(t) is the system’s overall voltage profile, approximated by
the voltage of the generator buses according to
Vs(t) =
n∑
i=1
(
VG,i(t)
VG0,i
)
n
, (16)
being VG,i(t) the voltage at the bus of generator i at time t, VG0,i
the voltage before the disturbance at the bus of generator i and n
the number of connected generators. By combining (6) and (15), the
inertia constant of the system is calculated from (17), where ∆Pdist
is the size of the disturbance at the moment of the disturbance
Hest =
∆P (t)
2 · df
dt
=
∆PL(t) + ∆Pdist
2 · df
dt
. (17)
Tuttelberg et al. [20] simplify the dynamic response to a reduced
order system with the generic form of (18)
H(s) =
bn−1sn−1 + bn−2sn−2 + ...+ b0
ansn + an−1sn−1 + ...+ a0
. (18)
The inertia of a power system Heq can be determined by the value
of its unit impulse response at t = 0. For a transfer function like the
one presented in (18), the first value of the impulse response can be
evaluated in Matlab with: (i) the impulse function, (ii) the gain
value of the zero-pole model from tf2zpk or (iii) as the ratio of
an to −bn−1.
Zografos et al. [21] introduce two approaches to express the
power change due to the frequency and voltage dynamics (R and
V approaches, respectively)
∆P (t) = h1(f(t)) + h2(V (t))−∆Pdist , (19)
where Pdist is the size of the disturbance, and h1(f(t)) and
h2(V (t)) deal with the power change due to the frequency and the
voltage dynamics, respectively.
In the R approach, it is considered that ∆P (t) = h1(f(t))−
∆Pdist. To obtain h1(f(t)), the governor’s behavior is analysed.
h1(f(t)) relates the mechanical power change and the frequency
deviation. It is considered that
∆Pm(t) = −R(t) ·∆f(t) , (20)
being ∆Pm the mechanical power change and R(t) an unknown
time varying function that accommodates the dynamic response of
the system related to ∆f(t). Then eq. (6) is converted into
2 ·Heq df
dt
= h1(f(t))−∆Pdist = R(t) ·∆f(t)−∆Pdist
(21)
where Heq is the estimated inertia constant to be found. However,
as previously said, R(t) is also unknown. To compute R(t), a spe-
cific selected time tsr is considered. tsr is recommended to be the
first local extreme of the ROCOF curve after the moment of the
disturbance. Moreover, eq. (21) is considered for N discrete points
equally distributed around tsr . R(t) can thus be approximated by
the average of the values of R(t) of the N neighbouring points to
tsr . Therefore, a system with N + 1 linear equations and N + 1
unknowns is obtained (22). By solving it, R(tsr) is obtained
2 ·Heq df(tsr + i)
dt
= R(tsr + i) ·∆f(tsr + i)−∆Pdist
R(tsr) =
N/2∑
i=−N/2
R(tsr + i)
N
∀i ∈ Z : −N/2 ≤ i ≤ N/2 : i 6= 0
(22)
In the V approach, it is considered that ∆P (t) = h2(V (t))−
∆Pdist. To obtain h2(V (t)), the load power change due to voltage
dependency is analysed
∆PLV (t) = Pprod(kz(Vs(t)))
2 + ki(Vs(t) + kp)− Pprod ,
(23)
where Pprod is the total power production before the disturbance,
kz , ki and kp define the fraction of each component, and Vs(t) is
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Table 2 Summary of inertia estimation methodologies
Ref. Methodology based on Year
[15] Power imbalance and ROCOF 1997
[16] Power imbalance and ROCOF 2005
[17] Total power supplied and ROCOF 2012
[18] Total power supplied and ROCOF 2014
[19] Power imbalance and ROCOF 2017
[20] Impulse function 2018
[21] Power imbalance and ROCOF 2018
Fig. 2: Simplified diagram of the electrical power system used for
simulations [62]
the loads’ aggregated voltage profile, calculated with (16). Then
2 ·Heq df
dt
= h2(V (t))−∆Pdist = −∆PLV (t)−∆Pdist .
(24)
The application range tsv of this strategy should be selected before
500 ms, and as soon as possible after the disturbance to avoid the
governor frequency response.
The estimated equivalent inertia is calculated with (25), where ts
is recommended to be the tsr estimated with (22)
Heq =
R(ts)∆f(ts)−∆PLV (ts)−∆Pdist
2
df(ts)
dt
(25)
Finally, Table 2 summarizes the different inertia estimation
methodologies discussed in this work. As can be seen, most of them
are based on the power imbalance and ROCOF, in line with the swing
equation and the frequency control of conventional generation units.
4 System identification
4.1 Power system modelling
From the supply-side, the power system considered for simulation
purposes involve conventional generating units (thermal and hydro-
power plants) and wind power plants. A simplified diagram of the
power system can be seen in Figure 2, being the variation of the
generated power ∆Pg = ∆PWF + ∆PT + ∆PH , and ∆PL the
power imbalance. A base power of 1350 MW is assumed, corre-
sponding to the capacity of the power system. It is considered that
the active power of loads is independent on voltage, and as a con-
sequence, the term ∆PL(t) of eq. (17) [19] is not considered, and
the V approach of Zografos et al. [21] is not taken into account. The
equivalent damping factor of loads is Deq = 1 puMW /puHz [26].
Simulations have been carried out in Matlab/Simulink.
Conventional units are modelled according to the simpli-
fied governor-based models widely used and proposed in [26],
see Figure 3. The inertia constant for these power plants are
Hthermal = 5 s and Hhydro = 3.3 s. Wind power plants are mod-
elled according to an equivalent wind turbine, with the mechanical
single-mass and turbine control models presented in [63–65]. The
frequency controller is included in the wind turbine model as can be
seen in Figure 4. Parameters of both conventional and wind power
plants are summarized in the Appendix.
(a)
(b)
Fig. 3: Thermal and hydro-power plant models [26]
(a) Reheat thermal power plant
(b) Hydro-power
4.2 Frequency control strategies
Under power imbalance conditions, the governor control mecha-
nisms of conventional units modify their active power supply to
recover system power balance and, thus, remove the frequency devi-
ation [66]. Grid frequency deviation ∆f is subsequently used as an
input signal for primary and secondary frequency controls [67]. Pri-
mary frequency control is performed locally at the generator, being
the active power increment/decrement proportional to ∆f through
the speed regulation parameter R [68]. Secondary frequency control
involves an integral controller that modifies the turbine set-point of
each generation unit [69].
Wind turbines can also include frequency control strategies. Dif-
ferent solutions have been proposed in the last decade. These strate-
gies are usually classified as indicated in Figure 5 [70], excluding the
use of energy storage systems. According to the specific literature,
examples of these strategies are summarized in Table 3.
Moreover, some approaches can be combined, in order to improve
the frequency deviation after the power imbalance [71–77]. As
can be seen, an alternative classification can be then proposed:
(i) not-including derivative frequency dependence and (ii) includ-
ing derivative frequency dependence. An additional active power
∆P is added to the pre-event power supplied by the wind power
plant P0 in all the cases except de-loading technique. In the fast
power reserve, ∆P can be defined: (i) as a constant, (ii) propor-
tional to the rotational speed of the turbine or (iii) proportional to
the frequency excursion, depending on the reference. The hidden
inertia emulation uses a proportional derivative controller, being Kd
and Kp the derivative and proportional constants of the controller,
respectively. With regard to the droop control, ∆P is proportional to
the frequency deviation ∆f by the droop constant R. As discussed
in Section 5, this frequency controllers modify considerably the esti-
mated inertia values and addresses significant discrepancies among
methodologies.
The strategy for VSWTs implemented in this paper is based
on the fast power reserve technique presented in [22] for for iso-
lated power systems and assessed in [94] for multi-area power
4
Fig. 4: Variable speed wind turbine model with frequency controller
WF
frequency
control
techniques
Using ESS
De-loading
technique
Pitch angle
control
Over speed
control
Inertial
response
Droop
control
Hidden
inertia
emulation
Fast power
reserve
Fig. 5: Frequency control techniques for wind power plants
Table 3 Wind turbines frequency control proposals
Ref. Type of control Definition Year
[78] Fast power reserve P0 + ∆P , ∆P = cte 2009
[79] Fast power reserve P0 + ∆P , ∆P = cte 2009
[80] Fast power reserve P0 + ∆P , ∆P ∝ Ω 2011
[81] Fast power reserve P0 + ∆P , ∆P = cte 2011
[82] Fast power reserve P0 + ∆P , ∆P = cte 2014
[83] Fast power reserve P0 + ∆P , ∆P = cte 2015
[84] Fast power reserve P0 + ∆P , ∆P = cte 2015
[85] Fast power reserve P0 + ∆P , ∆P ∝ Ω 2016
[22] Fast power reserve P0 + ∆P , ∆P ∝ ∆f 2018
[86] Hidden inertia emulation P0 + Kd df/dt + Kp∆f 2012
[72] Hidden inertia emulation P0 + Kd df/dt + Kp∆f 2012
[87] Hidden inertia emulation P0 + Kd df/dt + Kp∆f 2013
[88] Hidden inertia emulation P0 + Kd df/dt + Kp∆f 2015
[75] Hidden inertia emulation P0 + Kd df/dt + Kp∆f 2016
[89] Droop P0 + R ∆f 2016
[90] Droop P0 + R ∆f 2016
[91] Droop P0 + R ∆f 2017
[92] Droop P0 + R ∆f 2019
[93] Pitch angle deloading — 2016
systems. As indicated in Figure 6, under power imbalance condi-
tions three operation modes are considered: (i) normal operation
mode, (ii) overproduction mode and (iii) recovery mode. Different
commanded active power (Pcmd) values are determined aiming to
restore the grid frequency. Figure 6a depicts the trajectory of Pcmd
in a ΩWT − P plot, indicating the three different operation modes.
In Figure 6b, the VSWTs active power variations (∆PWF ) submit-
ted to an under-frequency excursion can be seen, being ∆PWF =
Pcmd − PMPPT (ΩMPPT ).
Normal 
operation
mode
Overproduction
mode
Recovery
mode
(a)
(b)
Fig. 6: Wind frequency control strategy and VSWTs active power
variation [22].
(a) Frequency control strategy
(b) ∆PWF with frequency control strategy
i. In the normal operation mode, the VSWTs operate at
the maximum available active power for the current wind
speed PMPPT (vw) and the available mechanical power
(Pmt(ΩWT )).
Pcmd = Pmt(ΩWT ) = PMPPT (vw). (26)
When a generation-load mismatch occurs, the frequency con-
troller strategy switches to the overproduction mode,
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Table 4 Capacity of generating units
Source Scenario 1 Scenario 2 Scenario 3 Scenario 4
Thermal 88% 73% 58% 43%
Hydro-power 12% 12% 12% 12%
Wind 0% 15% 30% 45%
Heq based on (3) 4.80 s 4.05 s 3.30 s 2.55 s
|∆f | > ∆flim → Overproduction. (27)
ii. In the overproduction mode, the active power supplied by
the VSWTs (Pcmd) is over the available mechanical power
Pmt(ΩWT ) curve. The additional active power ∆POP is pro-
vided by the kinetic energy stored in the rotational masses, and
is proportional to ∆f to emulate primary frequency control of
conventional generation units [71].
Pcmd = Pmt(ΩWT ) + ∆POP (∆f). (28)
Overproduction mode remains active until: either the rotational
speed reaches a minimum allowed value ΩWT,min or the com-
manded power Pcmd is lower than the maximum available active
power PMPPT (ΩMPPT ),
ΩWT < ΩWT,min
Pcmd < PMPPT (ΩMPPT )
}
→ recovery. (29)
iii. In the recovery mode, the power supplied by the VSWTs (Pcmd)
is based on two periods: following a parabolic trajectory until
the middle of the rotational speed deviation (ΩV in Figure 6a)
and through an estimated curve proportional to the difference
between Pmt(ΩWT ) and PMPPT (ΩWT ), being x the propor-
tionality constant.
Pcmd = a · Ω2WT + b · ΩWT + c · ΩWT ΩWT ≤ ΩV
Pcmd = PMPPT + x · (Pmt − PMPPT ) ΩWT > ΩV
(30)
The normal operation mode is recovered when either ΩMPPT
or PMPPT (ΩMPPT ) are reached by the VSWTs.
ΩWT ≈ ΩMPPT
Pcmd ≈ PMPPT (ΩMPPT )
}
→ normal operation.
(31)
4.3 Scenarios
Four different scenarios have been considered for simulations. The
first scenario includes only conventional generation units: 88%
comes from thermal power plants and 12% from hydro-power plants.
Hydro-power capacity remains constant in all the scenarios (12%).
However, thermal and wind capacities change depending on the sce-
nario to be simulated by giving a power system with high integration
of RES, see Table 4. The equivalent inertia constantHeq determined
by (3) is also indicated in Table 4. The power imbalance considered
is ∆PL = 0.05 pu in all simulations.
5 Results
According to the different methodologies discussed in Section 3,
the equivalent inertia constant Heq is estimated from the frequency
deviations after a power imbalance. Two different approaches are
considered and compared in this work:
i. Wind power plants without participation in frequency control.
(a)
(b)
Fig. 7: Comparison of equivalent inertia depending on the partici-
pation of wind power plants into frequency control
(a) Estimated Heq when wind power plants do not participate in frequency control
(b) Estimated Heq when wind power plants participate in frequency control
ii. Wind power plants with participation in frequency control.
Figure 7a depicts the estimated Heq according to the different
methodologies without considering wind power plant participation
in frequency control. In this case, HR,eq = Heq . The different
approaches of inertia estimation provide an accurate approximation
of the directly connected rotational inertia calculated with eq. (3).
The deviation from the estimated inertia value is lower that a 10%
error.
In addition, Figure 7b summarizes the estimated Heq from the
different methodologies when wind power plants participate in fre-
quency control. In this case, it is expected that the estimated Heq
values from ∆f include the virtual inertia HV,eq referred to eq. (7).
However, as can be seen, most methodologies only provide the rota-
tional inertia HR,eq directly connected to the grid [15, 16, 19–21],
neglecting the ’virtual inertia’ emulated and provided by the wind
power plants. With these methodologies, the estimation of Heq is
again accurate to the value calculated by eq. (3), having a deviation
lower that a 10% error.
The frequency controller applied on the equivalent wind turbine
doesn’t include a derivative dependence control, see Section 4.2.
As a consequence, the ROCOF is hardly modified in comparison
to scenarios where wind power plants are excluded from the fre-
quency control. At the beginning of the frequency oscillations, ∆f
values don’t change significantly —see Fig. 8—, regardless of the
integration and participation of wind power plants into the fre-
quency control. Table 5 summarizes these ROCOF values (mHz/s)
depending on the participation of wind power plants into frequency
control.
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Fig. 8: Comparison of ROCOF depending on the participation of
wind power plants into frequency control
(a) Wind power plants do not participate in frequency control
(b) Wind power plants participate in frequency control
Table 5 ROCOF values (mHz/s) depending on the participation of wind
power plants into frequency control
Wind power integration
0% 15% 30% 45%
Without control -256.06 -301.08 -369.20 -474.70
With control -256.06 -298.45 -364.90 -410.10
Methodologies [15, 16, 19, 21] estimate Heq based on the power
imbalance ∆P and the ROCOF. ∆P is the same in all the scenar-
ios (∆P = 0.05 pu), and the ROCOF values are similar regardless
of the participation of wind power plants into frequency control
as aforementioned. As a result, the estimated Heq barely changes
despite of including wind power plants into frequency control. Tut-
telberg et al. apply an impulse function to the dynamic response,
estimating Heq by its value at t = 0 [20]. Only [17, 18], by con-
sidering the total active power supplied and the ROCOF —referred
to eq. (13)—, estimates the equivalent inertia as a combination of
rotationalHR,eq and virtualHV,eq inertias as were expressed in (7).
Figure 9 compares the equivalent inertia with and without fre-
quency control from wind power plants in Scenario 4. This
inertia is estimated according to [17, 18]. Total power variation and
ROCOF are also depicted for the sake of clarity. The disturbance
time is tdist = 50 s. As indicated in [17, 18] (and previously men-
tioned in Section 3), Figure 9a is only the equivalent inertia around
tdist, as squared in the figure. Moreover, when wind power plants
don’t participate in frequency control, the equivalent inertia obtained
is similar to the value calculated with eq. (3), as already mentioned in
Figure 7a. However, a significant difference exists in the estimated
equivalent inertia when wind power plants include frequency con-
trol. This increasing is due to the ’virtual inertia’ provided by the
wind frequency control. This virtual inertia thus depends on how
relevant is the wind integration into the generation mix. Moreover, a
linear relationship has been found between the wind power integra-
tion and the virtual inertia with R2 ≈ 1. The linear relationship can
be determined as
HV,eq = 0.0357 ·WPI , (32)
being WPI the wind power integration into the grid (in %). Con-
sidering eq. (7), (32) and the base power SB = 1350 MW, it is
obtained that the virtual inertia constant coming from wind turbines
is HV,WT = 3.57 s, in line with the typical rotational inertia con-
stants of conventional plants (refer to Section 2.1) and the wind
turbines inertia values proposed by some authors during the last
decade [25, 31, 95, 96].
Finally, Figure 10 summarizes the simulated scenarios in terms of
the estimatedHeq from the different methodologies when frequency
control is also provided by wind power plants. As can be seen, and
depending on the methodology, these approaches address signifi-
cant discrepancies on the equivalent inertia values. Actually, some
of them include some virtual inertia from the wind turbine frequency
control of [22], whereas the others consider their effects barely sig-
nificant regarding to the equivalent system inertia. Therefore, both
wind power plant frequency control strategies and equivalent inertia
estimation methodologies must be revised in detail to give suit-
able results and avoid significant discrepancies among the different
proposals in the new mix generation scenarios.
6 Conclusion
In this paper, an analysis and comparison of power system inertia
estimation methodologies has been carried out. Different approaches
proposed in the literature have been implemented and tested under
four different supply-side scenarios including thermal, hydro-power
and wind power plants from the supply-side, according to cur-
rent mix generation road-maps. In this way, wind power plants
are increasing their generation capacity from 15 to 45%, reducing
the thermal plants capacity accordingly. Furthermore, wind power
plants include a virtual inertia frequency control strategy to sup-
port frequency excursions under imbalance conditions. The inertia
estimation methodologies give an accurate value of the equivalent
inertia when wind power plants do not participate in frequency con-
trol, with a deviation error lower than a 10% with respect to the
global rotational generation units directly connected to grid. By
including wind power plants into frequency control, most method-
ologies estimate the equivalent rotational inertia principally provided
by conventional units, maintaining a deviation error lower than 10%
in comparison with this value. One methodology estimates the equiv-
alent inertia as a combination of rotational and virtual inertias. The
virtual inertia constant estimated with this methodology has a value
of HV,WT = 3.57 s, in line with the typical inertia constants of
conventional plants. Therefore, wind power plant frequency control
strategies and equivalent inertia estimation methodologies must be
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(a)
(b)
(c)
Fig. 9: Estimated equivalent inertia according to [17, 18], total
power variation and ROCOF in scenario 4
(a) Estimated equivalent inertia (s)
(b) Total power variation (pu)
(c) ROCOF (mHz/s)
revised to provide consistent results and avoid significant discrep-
ancies among the different alternatives. Moreover, the estimation of
equivalent inertia values is highly dependent on the wind power plant
frequency control strategies, and then, different results are deter-
mined when derivative frequency dependence is (or not) included
in the frequency strategy. Alternative methodologies and processes
should be thus proposed by the sector to provide suitable results
regarding equivalent inertia estimations in power systems with high
renewable penetration.
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Fig. 10: Comparison of inertia estimation including wind power
plants into frequency control
(a)Heq according to [15, 16, 19–21]
(b)Heq according to [17, 18]
8 Appendix
8.1 Parameters for thermal and hydro-power plants
Table 6 and 7 summarize the thermal and hydro-power plant param-
eters used in the simulations.
Table 6 Thermal power plant parameters [26]
Parameter Description Value Units
TG Speed relay pilot valve 0.20 –
FHP Fraction of power of high pressure section 0.30 –
TRH Time constant of reheater 7.00 s
TCH Time constant (inlet volumes and steam chest) 0.30 s
RT Speed droop 0.05 pu
I(s) Integral controller 1.00 –
Hthermal Inertia constant 5.00 s
Table 7 Hydro-power plant parameters [26]
Parameter Description Value Units
TG Speed relay pilot valve 0.20 s
TR Reset time 5.00 s
RT Temporary droop 0.38 –
RP Permanent droop 0.05 –
TW Water starting time 1.00 s
RH Speed droop 0.05 pu
I(s) Integral controller 1.00 –
Hhydro Inertia constant 3.00 s
8.2 Wind turbine model
The wind turbine model is based on [63, 64]. Parameters of the wind
turbine model are summarized in Table 8.
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